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Abstract

Techniques for aligning, polishing and cutting semiconductor
crystal rods for use in acoustic propagation studies of electron-phonon
interaction were évolved. A CdS vapor-deposition system was set up
for production of thin film transducers. The development of the system
included a quartz crystal microbalance for measurement of film growth
rate as well as an indirect ion-bombardment cleaning system. Reflection
electron diffraction was used to determine that highly polished substrate
surfaces were found to be necessary for oriented film growth. The trans-
duction efficiency of the films grown to date is about 10 1b less than
that obtained with x-cut gquartz transducers. Electron heating effects
on mobility were measured to evaluate their effect on theoretical pre-
dictions of acoustic gain. The electron heating data was used to
obtain measures of energy relaxstion time of the electrons. This
relaxation time was found to be strongly dependent on electron temper-
ature (4 x 10" Tsec at 4.2°K to 8 x lO_lO sec at 280)'and independent of
lattice temperature. Analysis of measurements of temperature dependence
of acoustic attenuation yielded values of absolute attenuation of
12 db/cm'at M.EOK and of acoustoelectric coupling coefficient of
K2 = 3,35 x lO_u. Preliminary measurements of attenuation as a function

of applied electric field in InSb indicated a definite decrease in

attenuation with increasing field.



I. INTRODUCTION

Measurement of the characteristics of propagation of mechanical
waves through solids has served as an extremely useful technique in
investigating the physical properties of matter in the solid state. In
particular, the interaction of acoustic waves (or phonons when quantum
mechanical effects become important) with conduction electrons has been
a very instructive device. A great deal of theoretical workl_6 has
been done on the attenuation and amplification of ulfrasonic waves and
the related acousto-electric effect via the electron-phonon interaction,
but relatively little experimental verification of this work has been
achieveds A considerable amount of work at lower ultrasonic frequencies
hag been done with CdS, the material in which ultrasonic amplification
was first demonstrated7o Some work on GaAs8 demonstrated a moderate
gain from 30 MHz to 90 MHz via the piezoelectric interaction. Ampli-
fication9 of 9 GHz phonons in germanium was achieved through the defor-
mation potential interaction where the multivalley nature of Ge prevented
the space charge bunching which otherwise reduces the gain obtainable
via deformation potential coupling.

If is the purpose of the present program to -come to a better
understanding of the interactions between electrons and phonons in semi-
conductors since this interaction is at the heart of the whole theory
of the transport properties of solids. This interaction is studied

experimentally by measuring the attenuation and gain of a coherent

acoustic wave propagating through semiconductor crystals. The work



here has concentrated on InSb and represents further development of the
studies reported in a previous technical reportlo. The method used
in these experiments for studying this interaction involves conversion
of microwave energy into a ccherent phonon wave and then reconverting
these phonons back into a microwave signal for detection and measurement.
The interaction between phonons and conduction electrons can be affected
by the electron drift velocity such that the phonon wave can be amplified
or attenuated by the electrons in an amount depending on their velocitye.
This characteristic suggests that techniques related to those used in -
these experiments could find applications in microwave technology such
as amplifiers, delay lines and modulatorss

In the previous worklo the pilezoelectric method of genersting
acoustic waves was chosen over the magnetostrictive method. Some measure-
ments were made to determine the characteristics of quartz and teurmaline
crystals as transducers at 903 GHz. The transduction efficiency and
the temperature dependence of phonon attenuation were measured for a
number of such crystals. - A large variability was observed from one
crystal to another in transduction efficiency. However, the temperature
dependence of phonon attenuation was very consistent from one crystal
to another although the quartz and tourmaline results differed markedly
from each other. The quartz data were in good agreement with the
results of other investigators whose data covered portions of the dynamic

range of this experim.entll’l2

« None of the existing theories of phonon-
phonon scattering appeareq completely adequate to describe the data,

but that of Maris13 appeared to give the basic behavior which we observed



in both guartz and tourmaline, viz: an increase in slope of the tempera-
ture dependence of attenuation with decrease in temperatures

Quartz crystals were used as transducers to generate micro-
wave phonons in high purity, n-type InSb semiconductor crystals in the
previous worke Repeated attempts at detecting phonons failed with
crystals cut from two boat-grown InSb ingotse These crystals both had
a very high dislocation density, characteristic of boat grown
crystals. A crystal cut from a third ingot which had been Czochralgki
grown with very low dislocation density was successful in propagating
the 9.3 GHz phonons which were easily detectable in our systeﬁo A
decrease in attenuation with increase in temperature between hoEOK and
lSOK was observed with this crystal. ©Such a decrease which is expected
from phonon scattering by electrons was very large {(up to 14 db change)
and was reproducible qualitatively but not quantitatively. This is
due to the complicated interference effects observed in the echo
patterns and also due to the non-reproducibility of these interference
patterns from one thermal cycle to another.

Another effect which was observed with this crystal was a
frequency shift in the phonons which had traversed the InSb. This was
detected by noting that in the super-heterodyne receiver gystem, a
slightly higher (about 1-2 MHz) local oscillator frequency was required
to maximize the signals corresponding to acoustic paths through the
InSb as compared to those through the quartz transducer alone. The
effect was guite pronounced and easily detectable.

The InSb crystal'which gave the results discussed above was too

short to effectively attach current leads for testing of the gain inter-
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action. Therefore the principal thrust of the present work was to
obtain acoustic propagation in InSb crystals which were long enough to

attach current leadse.

IT. SAMPLE PREPARATION

The methods used for preparation of InSb crystals for acoustic
propagation measurements are gimilar in some respects to those reported
in the previous worklo, but a number of improvements in the technique
were incorporated in the method. Two ingots were used in the process
of this work and will be referred to as ingots D* and E/. The ingots
were both n-type Czochalsgki grown with low dislocation density and
with carrier concentration quoted at N ~ lOll‘L cmf3.

The method finally evolved for sample preparation and used
with ingot E began with x-ray alignment of the ingot on a ILaue diffraction
camera to determine the direction of a (11l) axis to + 2%, The ingot
was then lapped to produce twé opposite faces normal to this axis. One
face was then checked with a precision x-ray spectrogoniometer described
previouslylo and lapping was repeated and alternated with spectrogoniometer
checks until the surface was normal to the (111) axis to within 4 minutes
of arce Then this surface was polished with a high grade optical finishZL
flat to ~ 500 B over the 2.5 cm diameter of the ingot. The opposite
face was then lapped and polished to the same flatness and finish and

also parallel to the first face to within 6 seconds of arce

*
Obtained from Cominco Products, Inc., Spokane, Washington 99201

/ Obtained from Nuclear Elements Corp., Butler, Pennsylvania 16001

7 Polishing done by Muffoletto Optical Company, Baltimore, Maryland 21206



The ingot was then carefully cleaned in preparation for evapora-
tion of cadmium sulfide transducer films. This consisted of washing in
concentrated HCZ, followed by distilled water, acetone, methanol and
finally Freon* precision cleaning agent. The final step in the cléaning_
process consisted of ion bombardment in the vacuum chamber prior to
Cds evaporatione. Thin films of cadmium sulfide were then deposited on
both faces and measured for thickness. The ion bombardment cleaning
and CdS film deposgition will be described more fully in Section IV.

Finally the ingot was mounted between two glass plates with
red sealing wax completely covering both faces for cutting of rodse.
Then rods of 0.125" and 0.250" diameter were cut from the ingot
parallel to the surface normal with an ultrasonic impact grinder/.

The rods were then ready for ingsertion in the microwave cavity for
acoustic testing.

Some of the InSb rods were glued to quartz crystals to use this
method of piezoelectric excitation rather than the CdS film. The
method used for gluing the crystals started with the same careful
cleaning procedure described above for the CdS film evaporation except
that no ion-bombardment cleaning was used. The quartz and InSb rods
were then placed together and the interface examined in monochromatic
light for interference fringes. After several recleanings it was
possible to get the surfaces free of dirt such that the two surfaces

would have less than one interference fringe. The two rods were care-

*
E.I. Dupont de Nemours Ince-Freon Products Div., East Orange, Ne.J. OT0LT
# Raytheon Model 2-334-20, CA%S Division, Waltham, Massachusetts



fully placed between the jaws of an indicating micrometer* with dial
readings of lO-u inches (2.54 microns). It was possible to estimate
readings to .25 micronse. After recording the dial reading the rods
were removed, & spot of epoxy resid:.placed on the interface, and
replaced in the micrometer. The micrometer was then tapped lightly
until the reading returned to its previous value indicating that the
film was less than .25 microns thick and probably reasonably parallel.
It was necessary to attach leads to the crystals for applying
the electric fields used in obtaining the necessary electron drift
velocities. The electrical contacts could not be made on the end
faces of the rods since these had to be preserved for acoustic trans-
migssion and reflection. The leads were therefore attached around the
ends of the rod. After first attaching the leads with solder using an
ultrasonic soldering tool, it was found that they could be attached
more accurately with silver paint% The conductivity measurements described
in Section VI showed the saﬁe results as with seldered contacts. The
electrical contacts were construeted from 0.015" diameter pﬁosphor bronze wire
coiled into a circular Lloop over a form with a diameter smaller than
the erystal rode Then this coiled loop was opened enough to be sprung
onto the InSb rod as seen in Fige Le 7Voltage probe contacts made of
0.005" diameter copper wire and attached with silver paint were spaced
0.13 cm apart near the center of the rod to measure the resistivity of

the sample. To prevent these contacts from breaking loose, they were

¥ Etalon Dial Micrometer #25, Alina Corp., Plainview, L.I., New York 11803
Z Eccobond 45 LV with Catalyst 15 LV - Emerson & Cummings, Ince
Gardena, California :
*¥¥ Conductive Silver #h8l, E.I. duPont de Nemours & Co., Electrochemicals
Dept., Wilmington, Delaware



Figure 1 - Photograph showing the InSb rod E-7i glued to
quartz transducer QV6 with electrical contacts
attached with silver econducting paint.



covered with a foaming epoxy‘A which holds them firmly but without

exerting undue thermal straine.

ITI. CdS TRANSDUCER PREPARATION

In previous work at this laboratory, x-cut quartz rods glued
£o the semiconductors served as transducers e This method led to
rather severe acoustic interference effects arising from slight deviations
from parallelism and flatness of the bonded faces. Although the parallelism
and flatness of a crystal can be maintained within tolerable limits
(about 10% of the acoustic wavelength of ~ 5000 R) during polishing,
it is very difficult to maintain these limits between two
bonded faces of dissimilar materials when the temperature is varied over
a wide range« To circumvent this problem, a system was constructed and
techniques were adapted for producing thin film transducers to replace
the quartz crystalse. The method d.c—:«relopedl.l)+ by deKlerk for producing
thin film piezoelectric transducers of very high resistivity involves
essentially evaporating cadmium and sulfur separately from two
independently controlled crucibles onto a substrate which is not
viewed directly by the crucibles.

An evaporation system* with a 6" all stainless steel pumping
system and 18" x 30" pyrex bell jar was installed and modified for the

thin film growthe A schematic diagram of the system is shown in

A Eccofoam, Emerson & Cummings, Ince., Gardena, California
¥* HVEC Model 618 from High Vacuum Equipment Corp., Hingham, Masse
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Figure 2. Each crucible* was constructed of fused quartz with a cen-
tral inverted tube for the heater filament. The Liquid nitrogen
chevron trap at the pumping port served to prevent the sulfur and
cadmium vapor from getting into the pumping system.

1~ Quartz Crystal Microbalance and Substrate Holder = In order

to measure dynamically the rate of film growth and to monitor the final
film thickness, a microbalance was built which records the film thick-
ness on a resonant quartz crystal by recording its change of resonant
frequency. The quartz crystal microbalance and substrate holder,

shown in Fig. 3, consists of 1) a heater to raise the whole assembly
to the temperature (~ 190°C) for optimum CAdS crystal growth (Fig. 3b),
2) two identical gold plated quartz oscillator crystals** cut for 9.00
MHz resonant operation mounted inside the substrate holder with one
crystal having a face exposed to the vapor (Fig. 3a), 3) a mount for
holding the semiconductor substrates to be coated with a CdS film and
4) a remotely operated shutter to expose the substrates and microbalance
erystal during vapor growthe. The two quartz oscillator crystals are
connected to oscillator circuits external to the vacuum system. The
oscillator outputs are mixed, and the resulting difference frequency
gignal is amplified and fed into a frequency meter/'whose output is
monitored with a strip chart recordefa. The circuitry involved is

shown in Fig. L.

* Obtained from General Electric Company, Willoughby, Ohio
*¥ Reeves Hoffman, Carlisle, Pennsylvania, Type HC—6/ﬁ holder
General Radio Type 1142-A frequency meter and discriminator
A Honeywell Electronik 19 two pen recorder
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Figure 2 -~ Schematic diagram of the essential parts of the revised
Cds film growth system.



a - Bottom view - Open

This view shows the two
quartz oscillator crystals
and the exposed substrates.
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b - Top view - Open

The heater is visible in
this view.

¢ - Bottom view - Covered

This photo shows the complete
-unit with shutter open-

Figure 3 - Three views of
the substrate
holder and micro-
balasnce.
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The performance of the microbalance was wvery satisfactory in its
stability and its response to the growth of a €4S film. The drift in the
difference frequency between the two OScillator crystals was repeatedly
less than 0.4 kHz in bringing the substrate holder-microbalance temperature
up to 19000. The effect of opening the shutter (which exposes one micro-
balance crystal but not the other) was even smaller amounting usually to
less than 0.1 kHz. The total frequency change resulting from growth of a
2500 R Cds film is 23 kHz. The CdS film was cleaned from the microbalance
crystal after each evaporation by inserting the crystal for a few seconds
in HCL.

Quartz Crystal Microbalance Reading

The quartz crystal microbalance operates by virtue of the change in
resonant frequency of the oscillator crystal caused by its increased thick-
ness due to the CdS film. Consider a crystal of thickness S and a film
deposited on the surface of thickness dS. Before deposition of the film,
the thickness of the crystal is related to the round trip transit time, T,
of an acoustic wave from one end to the other and back by the acoustic

velocity, A in the crystal

VCT
5=

Differentiate S with respect to T to obtain the change in thickness

corresponding to a change in acoustic transit time

VC
ds = 5 dT

If the change in thickness is now a thin film with a different acoustic

velocity v, , then it will be written as

¥
_ &t
ds = wu aT
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For a resonant crystal the acoustic transit time, T, is precisely

the resonant period for a frequency Vv

fhus the change in period corresponding to a change in resonant

frequency is

ylelding for a change in thickness

)
s m e = ay
2V

For shear waves in CdS vt = l«757 X lO5 cm/éec yielding for our

quartz crystals which are resonant at 9.00 MHz,
(%%) = 108.5 & /KHz
Cds

2 - Ton Bombardment Cleaning - An important‘feature of this

method of CdS film growth is that the substrate not be directly exposed
to the boiling cadmium and sulfur. A baffle is therefore included in
the apparatus between the crucibles and the substrate holder. In

order to provide ion-bombardment cleaning of the substrates, this
baffle was originally connected to one side of a 2 KV AC potential
with the other side of the A.C. potential tied to the‘substrate holder.
Several difficulties arose from this arrangement. The evaporated gold
electrode on the microbélance crystal suffered serious damage from

cathodic sputtering such as to make the microbalance inoperative.
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Furthermore, it was found that a contaminant film tended to build up
on the substrate.

Reference to papers by L. Holland15 on the cleaning of glass
in a glow discharge indicated that both these effects are hazards of
direct ion-bombardment cleaning as we were attempting to use here.
His investigations of the cleaning process demonstrated that an indirect
bombardment system was much more suitable especially when contaminants
are present in the system. This method involves the use of two electrodes,
as shown in Fige. 2, which are physically shielded from the surfaces to
be cleaned. Thus there is no danger of high energy electrons in the
cathode dark space causing a sputtering of the gold electrode film.
This also eliminates the contamination buildup which results from electron
bombardment near the fringe of the cathode dark space. The high
velocity electrons from the cathode dark space travel outwards from the
electrodes away from the substrate where they can do no harm. On the
other hand the ions are scattered by colliding with air molecules
such that many ions and neutral molecules are scattered onto the sub-
strate where they dislodge loosely adhered contaminantse

After installing such a pair of shielded electrodes as shown
in Fig. 2, a number of qualitative tests of the cleaning effectiveness
of the ion bombardment were performed. These tests involved ion
bombardment of uncleaned, solvent cleaned, and flame cleaned glass
surfaces. The flame cleaned surfaces were used as a cleanliness
reference in 1) wetting tests, 2) black breath tests, and 3) scratch
tests using a flamed gléss bead. An ion bombardment run in a Earefully
cleaned bell jar with no other equipment inside yielded clean surfaces

which passed the above three tests. However, the addition of the
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remainder of the equipment in the bell jar tended to reduce the effective-
ness of the ion bombardment cleaning. This difficulty was eliminated

by flushing the bell jar with dry air during the entire ion bombard-

ment. This was done by introducing a regulated leak into the top of

the bell jar at a rate just sufficient to maintain a pressure of 50
microns with the diffusion pump wideﬂopeno During ion bombardment, the
current was maintained for l/é hour at 30 ma by adjusting a variac

on the primary of a 9 kv, 60 ma neon sign transformer.

3 - Evaporation Procedure - FPollowing the chemical cleaning

of the substrate crystal and the microbalance oscillator crystal
described in IT, and the ion bombardment cleaning discussed in ITI-2,
the system was pumped down to ~ lO-5 Torr. The heating of various
components of the evaporator system was then begun with temperatures
measured by lron-constantin thermocouples. The substrate holder

wag gradually heated until it reached LQOOC where it was held with a
temperature controller? Meanwhile the inner bell jar was heated up
to about 13000 while the cadmium was raised to its melting point at
321000 The sulfur heater was not turned on until some cadmium sulfide
deposit started to show on the inner bell jar. Since the melting
point of sulfur is 1139, some sulfur was already melting by the time
the outer bell jar reached 13OOo Aluminum foll was wrapped around the
sulfur crucible to prevent the sulfur from heating up too fast and
starting to evaporate too soon. The sulfur vapor tended to diffuse
throughout the system much more readily than the cadmium, since sulfur

simply will not adhere to the warm surfaces. The cadmium, on the other

* Temptendor API Instruments Co.
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hand, tended to stick much more eagily and therefo;e did not diffuse
so readily. The rate of film growth was thus determined largely by
the cadmium vapor pressure and the geometry of the system in the paths
between the cadmium crucible and the substrate. Some geometries of
baffle arrangement which were tried resulted in 'no film growth
whatsoever on the substrates.

When the film growth was seen to progress well on the inner
bell jar, the shutter on the substrate holder was opened and the -
microbalance frequency was monitored. The film growth rate was usualiy

held to less than 5 ﬁb@ﬁno

4 - Bvaluation of CdS Films - A glass disc was included in the

substrate holder during each evaporation and was used as a comparator
between different evaporationse. The resistivity of the film was
measured in each case and found to be greater than 2 X 108 Q-cm
except in some cases where the Cd vapor pressure had been kept too
high. In those cases, the film had an orange color rather than the
pale yellow characteristic of the high resistivity films.

a - Bxamination of Interference Fringes

After removal from the evaporator, the films were all
examined in monochromatic 5890 )% Sodium light for interference fringes
to check the thickness measurement and evaluate the uniformity of the

filmse
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When monochromatic light impinges on the CdS film some
reflects from the surface and some penetrates to the substrate from
which it reflects. When the film thickness is a half wavelength the
two partial waves are in phase and reinforce each other as they do for
any integral multiple half wavelengths. If they are odd multiples of
one~-quarter wavelength they interfere destructively and produce
a dark fringe. Tﬁe sodium light used has a wavelength in air of
A = 5890 B. In CdS with an index of refraction n = 2.5 the wavelength
is then ACdS = A/n = 2356 R. Thus there will be constructive inter-
ference or a bright fringe for each half wavelength or 1178 .

Since the substrate is masked during the evaporation and the
vapor particles generally approach from angles away from the normal,
there is a graduval buildup in film thickness at the edge rather than
a sharp cutoff. Thus, from the bright edge where there is no film,
one can count the number of bright fringes to the flat central
region of the film. This provides a direct measure of the film by
multiplying this number of fringes by 1178 K and estimating the last
fraction of a fringe. This can be seen in Fige 5 which shows a photo
of an InSb ingot held in an aluminum ring during the £ilm growthe
The outside edge of the aluminum ring was masked by the substrate holder
such that the interference fringes could be counted at this point.

The microscope enlargement of this edge region shows these fringes
very clearly. The picture of the ingot and aluminum ring reveal the

extent of nonuniformity. ¥Fig. 5 also shows a microphbto of the inter-
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Interference photo of film on aluminum
ringholder at edge shown by arrow on
middle photo. This shows a thickness at
the thickest spot on the ingot of 5 1/2
fringes = 6479 &

Magnification 12.5 X

InSb ingot E mounted in aluminum ring-
holder. This shows a thickness variation
of 1-1/4 fringe = 1472 B over the entire
ingot surface. Thus it varies between
6479 K and 5007 K from the top to the
bottom of the photo. This variation
corresponds to 184 £ across a 3 mm
diameter rod.

Edge of glass disc showing 4
fringes from the magked edge to
the body of the film indicating
a thickness of 4 x 1178 K =
h712 B

Magnification 25 X

Figure 5 - Interference photos of CdS films using sodium light (5890 R).
Bach fringe represents an integral half wavelength of sodium light in
the €dS (index of refraction = 2.5) and therefore represents a film
thickness of 5890 &/(2 x 2.5) = 1178 R.
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ference fringes at the masked edge of a glass disc which was exposed
to the Cd and 3 vapors at the same time. The fringes are much narrower
here than those on the aluminum ingot holder since the masgking edge

was much thinner in this case (.010" instead of .125"). The thinner
masking edge causes a much sharper fall off din film thickness.

The film thickness on the microbalance crystal was also
examined with the Sodium light. This showed the effects of geometry
on the evaporation uniformity. The net result was that the film was
not very uniform on this crystal and was only about half as thick as
on the other substrates. To within the accuracy allowed by the non-
uniformity, the Sodium light determination of the average film thickness
on the microbalance crystal agreed well with the measure obtained by
the microbalance frequency change during the film growthe. This ratio
of film thickness on the substrate to that on the microbalance crystal
was then used in subsequent evaporations to normalize the microbalance
readingse.

b - Electron Beam Diffraction Studies of Film Orientation

In order to determine the quality of the films inéofar
as orientation of the crystal axes is concerhed, samples of the films
were examined by electron beam diffraction in the RIAS electron microscoPe%
The 80 kev electron beam is allowed to strike the film with grazing
incidence and the reflection diffraction pattern is photographed.
Crystal planes which satisfy the Bragg diffraction condition then

scatter electrons into spots on the photographic plate. The results

for Cds films on two different substrates are shown in Fige 6. The top

* JEM Ine., Tokyo, Japan serviced by JEOLCO, Inc.(USA), Medford, Mass. 02155



pattern was obtained with the film grown on the glass disc which was
exposed to the same evaporation ag the InSb substrate from ingot E
whose diffraction pattern is also in Fig. 6.

The glass shows diffraction spots characteristic of an oriented
film. The spots demonstrate that the c-axis is normal to the film
plane, i.e. the spots along a verticle line from the center are
spaced exactly right for multiple order reflections from the(OO@ planes
of CdS. The spreading of the spots into lines reveals that the sample
is polycrystalline with a variation of about * 50 in the c-axis
orientation.

One would expect a better orientation on a single crystal
substrate such as InSb than on glass. However, the diffraction pattern
shown in Fige. 6 for the CdS film on InSb showed no spot pattern at all.
This indicated that the film was completely amorphouse. The most likely
reason for this is the surface roughness of the InSb crystal. In order
to maintain flatness and parallelism in polishing the InSb ingot
surface smoothness had been sacrificed.

Another piece of InSb, E-k, from ingot E was therefore polished
to a very high grade finish on a polishing wheel, without regard for
flatness and parallelism. Two diffraction patterns of a CdS film,

#13, taken with this sample at two orientations rotated 90O from each
other in the electron beam are shown in Fige. Ta and Tbe The pictures
show the characteristic CdS pattern. However, it is evident in b,

that the spot pattern seems to be composed of double spots, indicating

that the crystallites of CdS have two preferred orientations tilted
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a - piffraction pattern for C4S film on

z glass sgubstrate. The locations of
the spots are all in good agree-
ment with the tabulated d spacings
for hexagonal CdS with the c-axis
oriented normal to the film plane.
The circumferential spread of the
spots indicates a + 5° variation
in the c-axis orientation of
the crystallites.

b - Diffraction pattern for Cds film
#10 on InSb E5 substrate shown in
Figure 8a. The complete lack of
clearly defined spots indicates
that the film was amorphouse.

Figure 6 - Reflection electron diffraction patterns for CdS films
grown in run #10. Electron energy 80 kv.
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8 - Diffraction pattern for CdS film
#13 on InSb E-4 with electron
beam running parallel to polishing
ridges showing single spotse

b - Diffraction pattern similar
to a- but with double spots
caused by electron beam running
perpendicular to polishing
ridgese

¢ - Diffraction pattern for CdS
film #19 on InSb E7a showing
orientation of the film on a
polished surface. The duffuse-
ness of the spots indicates
small crystallite size. The
polished surface is seen in a
photomicrograph seen in Figure 8b.

Figure 7 - Reflection electron diffraction patterns for CdS films grown
on InSbe.



about 20° apart. When viewed at right angles to the direction in which
this effect was observed, there was no such doubling of spots (Fig. Ta).
Evidently the direction of polishing introduced by the wheel produced
enough of a preferred direction of ridges to cause the crystallites

to form along both sides of the ridges giving double spots when viewed
by the electrons parallel to the ridges and single spots when electrons
impinge normal to the ridges.

The remainder of the ingot was then repolished to a higher
grade optical finish, while still maintaining reasonable flatness and
parallelism, and new CdS films were deposited on the surfaces. The
diffraction pattern for this film, #19, is séen in Fige. Tce The
diffuseness of the spots indicates that the crystallites are very
small, but there was no evidence of a preferred orientation as evidenced
by the wheel polished surface. The surface finishes on the two InSb
crystals represented by Fig. 6b and Fige 7c are shown in Fig. 8.

These are photomicrographs taken at a maghification of 300x in the
phase contrast microscopéf These give some idea of the improvement
in surface smoothness required to obtain oriented films.

¢ - Acoustic Tests of CdS Transducers

In order to test the CdS transducer efficiency some
Z~cut quartz rods with the same specifications as the x-cut quartz

*
rods which were used as transducers were obtained . Films from

/ Leitz-Wetzlar, Germany
* Valpey Corporation, Holliston, Massachusetts 01746
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a - InSb E5 before deposition
of CdS filme The film
on this surface gave
diffraction pattern
in Figure 6be.

b - InSb E7 before deposition
of CdS filme The film
on this surface gave
diffraction pattern in
Figure Tc.

Tigure 8 - Photomicrographs of polished surfaces on Ingb crystals E5 and
E7 taken with phase contrast microscope at magnification 300x,
showing the difference in the quality of the polish required to
get oriented CdS films.
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evaporation #13 on two z-cut quartz crystals were tested for transducer
efficiency in the microwave acoustics system. Since the z-axis of quartz
is not piezoelectric one does not get any transducer action on the part
of the quartz, only the CdS film. The first acoustic echoes for both
these rods were about 42 db above the noise which is about 10 db less
efficient than the better x-cut quartz transducers.

Films were deposited on crystals from ingot D in which acoustic
waves had previously been seen with the use of x-cut quartz transducers
(Section V) and also on E-5 as discussed above in Section ITT-4-b. No
acoustic echoes were seen with the use of these films which were found
subsequently to be amorphous by the electron diffraction tests. The
film, #19, deposited on InSb-E7a which was shown in III-4-b to have crys-
talline structure was also unsuccessful in producing observable acoustic
echoes. Similarly, the same film on rods ETf, ETh and E7i cut from the
same piece resulted in no echoes. Subsequent tests using an x-cut quartz
transducer (Section V) on InSb-ETi (which was cut from the same piece as
ETs ) was successful in producing echoes 17 db above the noise. Thus, if
the 10 db loss in efficiency which was observed for the CdS films on
z-cut quartz applies to the InSb, the echoes for E7a should have been
visible 7 db above the noise. However there are two factors which would
tend to reduce this efficiency further with the InSb. The first is the
small crystallite size observed (Section III-4-b) for the CdS film on
InSb-~E7a. The other factor is a reduction to 55% of its original value
in the Q of the microwave cavity which occurs when InSb rods are inserted
instead of quartz rods. This has the effect of reducing the amplitude of
the microwave electric field across the gap where the rod is inserted and

thus reducing the transduction efficiency.



IV. THEORY OF ELECTRON-PHONON INTERACTIONS

The attenuation of acoustic waves by interaction with conduction
electrons in single valley semiconductors was treated for a number of
circumstanceé by Mikoshiba2 using the approach developed by Pippardl6
for monovalent metals. He calculated the acoustic attenuation, o,
and the inverse effect, the acoustoelectric potential, F, for both
gl > 1 and gf < L where g is the electron mean free path and
q = EW/? is the acoustic wave number. The mean free path is derived
from ¢ = ver where Ve is the mean electron thermal wvelocity and
T = (m/e) u is the mean time between electron collisions. (u is the
electron mobility.) If the electron density is great enough for
degenerate statistics to apply then the mean velocity is simply the
Fermi velocity. On the other hand, v becomes the kinetic velocity
associated with the mean Boltzman energy if the electrons are isolated
enough to obey non-degenerate statistics. Our experiments with high
purity InSb in the 9 GHz range are principally in the region of
non-degenerate statistics and with gf > 1. The acoustoelectric effect
is observed as a voltage pulse across the semiconductor which occurs
as a result of the passage of the acoustic wave. The acoustoelectric

potential and the attenuation coefficient are related by

Ne vS
- TT (1)

r ’

=HIQ

where
N = carrier electron concentration

velocity of sound

<
i



and T' = p]u]2 vs/é is the acoustic energy flow density. It therefore
represents the acoustic power per unit area fed into the crystal by the
transducere.

The expressions for attenuation, o, can be written in terms
of a temperature dependent term A(T) and of a temperature independent
coupling coefficient K which involves a piezocelectric coupling coefficient

Kp and a deformation potential coefficient Kd'

Thus
-]
a = K°A(T) : (2)
where 5 . 5 o
> 2 o 2 %p o €9 Cf
K -Kp + Ky Kp == Ky —-——-—:;———-—- (3)

In the (100) direction in the ITI-V cubic compounds KP2 =0
and measurements thus yield Kdeo In the (111) direction, both K@e
and Kd2 contribute. In these experiments the absolute value of ¢ is
difficult to measure accurately because of uncertainties in transducer
efficiency and because of other losses besides electronic attenuatione.
However, the value of K- can be obtained from the slope of Q vse A(T)
in the measurements and the absolute value of & obtained from the
intercept.

An independent and valuable determination of Kg can be obtained
by teking into account the effect of an electron drift vélocity on the
attenvation. The theory for this circumstance derived by Spectorl
for both gq¢f > 1 and qf < 1 and by White6 for g2 < 1 hag the same basic

form but includes the term.y = l—(uE)/%S which embodies the electric

field dependence of the attenuation.



These theories yield

a = K° A(T,y);

()

where
Pe
= ' <
v [y +Z (= +=)7]
s T W e
and
3ITWwy W
A>(T:Y) = = < 7 for q4 > 1 (6)
it =< + & )
v, o (
e w Py
where
e piezoelectric constant in the direction of acoustic
P propagation
Cc elastic constant for the relevant direction of
acoustic propagation and polarization
o, % = dielectric relaxation frequency
o electrical conductivity
€ dielectric permetivity
. BE
T -3
s
") electron mobility
E applied electric field
w acoustic wave circular frequency
2/ ns e
Wy v /@ = diffusion frequency
D diffusion constant = EEE (by Einstein relation)
k Boltzman constant
T electron temperature
e electronic charge
v mean electron velocity (discussed above)
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The expressions for A(T,y) reduce to those for A(T) derived by
‘Mikoshibag when y = 1L i.e. when the applied electric field is zero. The
values of A(T) calculated for InSb Ingot ﬁ for which we measured the
conductivity and Hall cocefficient are shown in Figure 9. This sample

L

had a net carrier concentration of N = l.1 X Il.O:L cm._3 derived from
our Hall coefficient measurement.
The equivalence of White's6 equation for A(T,y) to Spector'sl

expression for the corresponding case of gf < 1 is not obvious since

Spector's equation appears in the form

2 -
@ Ty (o) d

o__ = (1)
< n 2 1,V 242
T rzmev i @)+ (e0)? DA )R

w 3w w,
P 8 Y
where
ne2 \ /2
wp = electron plasma frequency =‘(EET')
dxz =  plezoelectric constant
P = mass density of crystal
YF = TFerml velocity of conduction electrons

We can try to cast equation (7) into the form of (5), which is
basically White's form, in order to compare the predictions of the two
theories for the same applicability (qf < 1 and piezoelectric coupling) .
However, we must note that White derived equation (5) using non-degenerate
electron statistics whereas Spector derived (7) using degenerate Fermi
statistics.

Note that: q = a/ﬁs, and pfvs2 = Co

‘We can make these substitutions in (7) and divide numerator and
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Figure 9 = Calculated dependence of A(T) on temperature for gf < 1
and af > 1.
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denocminator by (a/&b)u yielding:
_— 2 dXZQ AL 2 o T VFE 2 -1
L {N_( - ) ®)

p< 12 T e vS r @ 3 2

Noting the definition of the dielectric relaxation frequency in (5)

we see thats

we saw that the electron mobility is related to the mean collision time,

Ty by
= L.
0 — T .
Thus
. omef o2
e me ©p ¢

Now equation (8) becomes
2 227 -1
o = dkz ab : + L /wc L 0T VF (9)
p<  E6me 2V " "\ o 35 vZ2

This looks very much like the form of (5) where the piezo-

electric coupling constant would be
4 2 \V2
X7

K = P~ o

P 6 Tc

It is difficult to relate this expression exactly to the
coupling coefficient
[ o2 \L/2
Ko = —_EE—_— ’
since Spector uses a rather unconventional piezoelectric constante. If

we presume that the two coupling coefficients are equivalent, we can ﬁow
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examine the equivalence of the two theories. The two expressions (5)

and (9) are now identical except for the last term in the denominator

of both, viz

2
V.
L gna U respectively.
w3 3 v 2

S

According to the definition of gy We see that

2 2
v, e mv
s s

g ukT kT

2
ot KT ot F
7 Tmo T,
v v
S S

and it becomes evident in comparing these terms from the two theories
that 1if we equate the Fermi energy = % ijE to the Boltzman mean

energy = 3/é kT then these two terms are identical. This comparison
demonstrates where the difference between degenerate and non-degenerate
statistics appears in the two theoriess Spector's equation for
deformation potential coupling in the region of qf < 1 similarly
reduces to equation (5) except for a factor of 2/3» "When y = 1
Mikoshiba's result agrees exactly with Spector's, rather than White's.
Equation (6) was obtained from Spector's theory by using the same

transformations that were involved in going from equation (7) to

equation (5).
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The expressions for A(T,y) are antisymmetric about y = O yield-
ing a negative attenuation, or gain, when y < Os The interpretation,
however, is not quite so simple as might be presumed from the form of
the theoretical expressions, since the mobility p is a function of the
electric field E which can be seen from our measurements of p vs. E
in Fig. 10. (These are discussed in Section VI.) Moreover, the
dependence of u on E is due to the rise in electron temperature produced
by the electric field. Therefore the electric field dependence of
A(T,y) has to include the electron temperature change produced by the
field. The electron temperature dependence of the mobility is obtained
from measurements of mobility as a function of lattice temperature as
discussed in Section VI and shown in Figure 1ll. The dependence of
A(T,y) on electric field is thus calculated using this measured
dependence of mobility and electron temperature on electric field,

yielding the attenuvation and'amplification curve shown in Figure 12.

V. PHONON PROPAGATION IN InSb

1 - InSb - Cl, 0.318 cm long - It was indicated in Section IV

that one can obtain a measure of the coupling coefficient K? by
measuring the slope of A(T) vs. o and that the absolute attenuation can
be obtained from the intercept. From the data obtained in the previous
worklo with InSb—Cl, it was evident that a decrease in acoustic
attenuation accompanied a rise in temperature from 4.2° to\lhoSOK.
Because of the large interference effects, the changg in attenuation
per unit length obtained from these measurements varied greatly from

echo to echo such that the increase in amplitude was as high as
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Figure 11 - Measured values of mobility dependence on lattice
temperature for InSb with N = 1014en=3,
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3 db/ecm in going from 4.2° to 14.5°K. However, since there were
six echoes representing one acoustic round trip through the InSb and
six_more echoes representing two round trips, it seems reasonable to
average the measured changes in order to average out the interference
effectse The results of this procedure are shown in Fige. 13 with -
%y being the measured decrease in attenuation relative to 4.2°K. We note
from Fige. 9 that the transition from validity of the qf >1 theory to the
qf < 1 theory occurs in the vicinity of 7OK. Thus one does net expect the
values of A(T) to be reliable in this region. We therefore take the measure-
ments at 4.20K and lho5OK ag points where the theories are wvalid
to determine the slope and intercept of o vs. A(T). We get the
results that the absolute attenuation at 4.2%K is o, =12 db/cm and
the coupling coefficient is K° = 303 X lO—LL°

It is interesting to compare this value of ao with upper limit
values of ao obtained from absolute efficiency determinations of the
acoustic transdicer. From the results with InSb-Cl, the largest echo
was (1-3). This represents two passages through the InSb-quartz bond
and two reflections from the bond. The power loss upon transmission
was estimated at 1 db and the power loss on reflection at 7 dbe.
(The acoustic match is such as to give ~ 80% transmission and ~ 20%
reflection). This echo had a measured amplitude of -43 dbm as com-
pared to -18 dbm for the first echo from the quartz transducer, Qi6,
before having the InSb attached. Thus of the 25 db (43 dbm-18 dbm =
25 db) reduction in amplitude seen in echo (1-3), L+ 1 +7 + 7 = 16 db

is caused by power losses at the various transmissions and reflections
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Pigure 13 - Determination of the coupling coefficient K? and the absolute

attenuation o from the temperature variation of measured
attenuation.
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leaving 9 db attenuation in the round trip through the InSb. Since
this crystal was 0.318 cm long, this represents a value of .o db/ém
for an upper limit to Qe This is not too far from the value of 12 dh/bm
deduced from the A(T) vs. o intercept.

The value of coupling coefficient, K2, deduced from the slope
determination agrees exactly with a value of K2 = 363 X lOJ1L obtained
by Nilll7by fitting magnetoacoustié attenuation data at 9 GHz.
However, the slope of the attenuation versus temperature which we
obtained is congiderably greater than that shown by Nill in the same
work. He saw a change of only Ll.3 db/cm between 4.2% and 14.5%K.

2 - InSb - D3b, ~D3e, C2b - In order to obtain a better idea

of the consistency of results for the absolute attenuation of acoustic
waves in InSb a number of other short crystals were attached to quartz
transducersesimilar to IngSb~Cl discussed above. Short erystals have
the advantage that the acouétic path is short and so echoeg are gtill
measureable even with a large attenuation. However such short
crystals cannot have electrical contacts attached for pulsing with an
electric field since the contacts would be too close together for |
meaningful results. Moreover the acoustic transit time is so ghort
that, if a CdS film transducer is used, the first echo returns before
the receiver saturation from the magnetron pulse has recovered. It
is therefore necessary to use as a buffer, a quartz rod transducer
as in the previous experimgnt.

Thus a disc 0.455" in diameter and O.22" thiék from ingot D
was polished as described in Section II. It was glued to a 0.25"

diameter x~cut quartz transducer and examined for echoes. None were
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observed from the InSb and after removing the assembly from the cryo-
stat, the crystals fell apart with a piece of InSb having broken away
from the crystal and remained glued to the quartz.

The remaining portion of the InSb crystal was then ground down and
repolished, this time with a thickness of O.144" remaining. One of
the smaller diameter (0.118") quartz transducers was glued to the
center of this crystal and tested. Again 5 reflections from the
quartz - InSb interface were visible but none from the far end of the
InSbe. This quartz crystal was then separated by dissolving the glue
and it was found that the InSb had developed a crack all around
where the quartz had been attached. It thus appeared as though such
configurations of dissimilar diameters produced too great a stress on
the InSbe.

A rod 0.118" in diameter was then cut from between the edge
and the center of thig disc with the ultrasonic cutter. This rod,
InSb~D3b, was glued to the same quartz crystal, Qif, used in the
previous test and examined for echoes. This time reflections from
the InSb were not at all as large as those observed with InSb-Cl.

Ten reflections from the InSb were observed in this crystal whose
echo pattern is shown in Figure 1ha. This picture shows the first
five quartz reflections (0-1, 0-2, 0-3 etc.) and the first five InSb
reflections (1-1, 1-2, 1-3 etc.). The largest InSb reflection (1-3)
was 12 db above noise. A second 0.118" diameter piece (InSb-D3c)
was cut from the disc and mounted on a quartz transducer and tested.
No echoes were seen from the InSb in this case, only the reflections

from the quartz-InSb interface. A third similar piece (InSb-D3d) was



a - InSb -D3b on
Transducer QiT

b - InSb -D3e on
Transducer Qi8
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Figure 14 - Acoustic echoes at 9.3 GHz for three InSb samples attached to quartz
transducers rods. The symbols on the lines pointing to the wvarious
echoes denote the number of round trips thru InSb and thru quartsz,
e.g. 1-2 denotes one round trip thru InSb and two thru quartz.
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cut and tested with still no InSb reflections. Finally a fourth

piece (InSb-D3e) was cut and glued to the quartz transducer with

the results shown in Figure 1llb. In this case, we see again reflections
from the InSb including multiple reflections such as 2-3, 2-4 and 2-5. -
Here the largest InSb reflection is 1-6 which is 20 db above noise.

. The difficulty in getting a reliable bond between the quartz
transducer and the InSb crystal seems to be the predominant factor
involved in the failure to get phonon propagation in two out of the
four cases discussed above. Bubsequent microscope examination of
the bond in the case of InSb-D3d showed & breaking away of the bond
over most of the surface with three optical interference fringes in
evidence;

A final attempt was made to obtain rods from ingot C
by polishing a thin disc which still remained. Due to the thinness
of the disc it had to be mouhted on a backing glass during polishing
to prevent flexing. Two rods 0.118" diameter and 0.074" long
(InSb-C2a, C2b) were cut from this, glued to quartz transducers
(Qi8 and Qili respectively) and tested for echoes. No InSb echoes
were seen from C2a but they were seen with C2b. The acoustic echoes
from this assembly are seen in Fig. lhc where reflections representing
two and even three InSb round trips are seen. The largest InSb
reflection here is (1-3) which is 26 db above noiseo

The temperature of a;l these crystals was varied from M.QOK
to 20°K and no change in amplitude was obéerved in tﬁe eéhoes as with

InSb-CL nor was there any evidence of the frequency shift effect seen



with InSb-CLl. The bonding of crystals here secemed to be somewhat
unreliable since echoes were visible from only half of the attempts
and those that were vigible resulted in very high apparent absolute
attenuation. It was after these tests that the method for gluing
crystals described in Section II was initiated.

3 - InSb E7i 0.825 cm long - After unsuccessful attempts

at seeing echoes with the use of CdS films on InSb E7f, ETb, and ETi
the latter was glued onto quartz transducer QV6 which is 1.712 cm
long corresponding to a 6.0 psec acoustic round trip. The InSb-ETi
length corresponds to a k.4 psec round trip. For the first time
acoustic reflections were visible in an InSb rod which is long enough
to attach electrical contacts. The largest InSb echo (1-1) was 63 dbm
with a quartz transducer that yielded a first echo of 31 dbm before
attaching the InSb. Thus the upper limit to the absolute attenuation
seen here is 18.2 db/cm.

The current and voltage leads described in Section IT were
then attached to the crystal and pulses from a 50Q pulse generator*

were fed through a T:1 turn pulse transformer to give an impedence

transformation of 49:1. The size of a typical currenf passed through

the InSb using this generator is 0.6 amps, corresponding to a field
across the crystal of about 1.2 volts/bmo which corresponds to a drift
velocity of 2.7 X lO5 cm/éec. This i1s about 0.7 times the sonic velocity
in the (1ll) direction in InSb. An increase in amplitude in the echo
(l—l) and in other echoes passing through the InSb hés apparently been

achieved when the applied pulse was coincident with the time that the

* Hewlett Packard Model 2124
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acoustic wave is traversing the InSb. A high current pulse generator*
which had been ordered for this task was received shortly before the
end of the contract period. A preliminary run has been made with this
pulser. It seems to verify and, in fact, to magnify the presence of

a decreased attenuation when the current pulse is coincident with

the time of traversal of the InSb by the acoustic signal. However,
the interpretation, analysis, and further exploitation and

confirmation of these results are now beyond the scope of this reporte.

VI. HOT ELECTRON EEFE&TS
As discussed in Section IV, the attenuation or amplification
at low lattice temperatures is expected to be altered significantly
by increases in electron temperature due to applied electric fields18’19o
Effects due to hot electrons are most evident from studies of electrical
conductivity at high electric fields and low lattice temperatureszo—guo
BSuch increases in elecfron temperature are related to the rate
of energy loss assoclated with the gcattering mechanism. At low
temperatures, ionized and neutral impurity scattering are the pre-
dominant processes for momentum transfer which in turn is responsible
for the behavior of electrical conductivity. Although the momentum
transfer per collision may be high, the fractional energy loss per

collision will be quite small, however, due to the relatively large

mass of the scattering center. Thus, energy supplied to electrons by

* Cober Electronies, Inc. Stamford Connecticut 06902
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the external field is readily randomized by the scattering process
and the result is an elevation of electron temperature. Under these
conditions, the electron system is weakly coupled thermally to the
lattice. At higher lattice temperatures, thermal coupling between
electrons and lattice is enhanced by phonon interactions hence the
electron and lattice temperatures never separate appreciably and
consequently hot electron effects become insignificante

A rise in electron temperature is manifested at low lattice
temperature asg an increase in the observed conductivity or mobility.b
That the mobility should increase with increasing fields is evident
from the dependence of mobility on lattice temperature at low field
strengthse

The mobility is calculated by averaging the relaxation time
for momentum transfer over the (electron) distribution function. For
impurity scattering, the relaxation time is essentially independent
of lattice temperature in contrast to the situation at higher lattice
temperatures where phonon scattering dominates and the relaxation

25

time has an inverse dependence on lattice temperature ™. Averagiﬁg
the relaxation time for impurity scattering over thé (non-degenerate)
distribution function yields the well known increasing temperature
dependence: u ~ T_s/é, where T represents the temperature of the
electron distribution.

Measgurements of mobility at low fields represent a situation

where electrons are in equilibrium with the lattice‘(T = T2) and thus



the observed variation of mobility with lattice temperature is actually
a measure of the dependence of mobility on electron temperature. In
other words, if the lattice temperature were to remain fixed, the
increase of mobility with electron temperature would be identical to
the results obtained at vanishingly small fields by varying the lattice
temperature.

It is evident that the mobility may be regarded as a thermometer
for electron temperature whose calibration may be determined experi-
mentally by measuring conductivity or mobility as a function of
lattice temperature at very low field strengthse. The electron temper-
ature determined at higher field strengths may be used in theoretical
predictions for the dependence of attenuation on electric field.

To verify the magnitude of hot electron effects, and to obtain
suitable data for predicting attenuvation and amplification, a series
of conductivity measurementstwas carried out on a high ?urity sample
of InSb* removed from the ingot intended for phonon transmission
measurements (Ingot E). The conductivity was measured at fields up
to 0.2 v/bm using an AC bridge and by pulse techniques up to 250 v/bm
at lattice temperatures from 4.2 to QOQK. The observed zero-field
mobility vs. temperature is given in Fige. 11, and the effects of
electron heating are presented in Fig. 10. From these measurement,
the dependence of electron temperature on applied field were extracted
(Fige 15). An interesting by-product of these results is the determina-

tion of the time constant for energy losgs.

*¥n=1x lOlu o3
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Figure 15 - Electron temperature dependence on applied electron field
deduced from mobility vs. lattice temperature data of
Figure 11 and mobility vs. electric field data of Figure 10.
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The power'density supplied by the field to the crystal is given
by the relation:

P = GEE

where o ig the electrical conductivity and E the electric field. If

the electron system is sufficiently thermalized to have a characteristic
temperature, its heat content may be represented in the non-degenerate
case by the usual term U = % NKT where N represents the carrier

density. The relaxation time for energy loss may be defined by:

=3 _ 3 e I
Te T dp 2 S dap
or
Te=%l\]K —_grg——‘
a(oE")

Using the measured conductivities and derived electron tempera-
ture, the data’shown in Figs. 10 and 15 were processed to calculate
T, for three lattice temperatures L%, 8°k and 12°K. The results
are presented in Fig. 16« The relaxation time is observed to be
relatively insensitive to lattice temperature variation, as expected.

A striking feature of the relaxation time is its strong electron
temperature dependence. At higher temperatures, this is due mainly to the
onset of polar optical scattering as may be seen by comparison to a
prediction based on the work of Stratton26 using a characteristic
temperature of 26OOK- The deviation from the data at higher tempera-
tures is believed due mainly to the failure of an approximation used

in the calculation. At hOK, the data is in good agreement with the



(sec)™!

108

e

ELECTRON TEMP, °K

L
~  Polar Opfical Scattering ( 8 =260°K) o 7
u o |
— o Pulse Measurements ° 7
+ AC. Measurements T_= 4.2°K .
o AC. " T, = 8°K }
~ A AC. L T =12°K N
(o]
.’
- a0 -
- % Deformation -
N qu Potential - i
B Scattering _
| | ] | 1 | | | | | ]
4 8 12 16 20 24

Figure 16 - Energy relaxation time for electrons to the lattice calculated
from mobility measurements at three lattice temperatures 4.2°,

80 and 120K.
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results of Peskett and Rollin2 Te =3 X lO"7 sece At higher

temperatures,; the agreement with predictions of polar optical scatter-
ing is a considerable improvement over results found by Sandercockeoo
Values for To at temperatures of h—lEQK appear to be in reasonable
agreement with predictions based on deformation potential scattering27
yielding a deformation potential of ~ 20 ev. The deformation potential

28

so derived appears to be less than the results of Haga and Kimura

and somewhat larger than the values of T ev found by Sladel&eLL and

4.5 ev found by Nmi1ill,
VII. SUMMARY AND CONCLUSIONS

A method of preparing semiconductor samples for acoustic propa-
gation studies involving the electron-phonon interaction was evolved.
This method consisted primarily of crystallographic aligmment of the
ingot using x-ray techniques followed by lapping and polishing to
produce optically flat, parallel and smooth surfaces normal to the
chosen crystallographic axis. The ingot thus prepared was then cut into
rods for use in the microwave ultrasonic system. Piezoelectric trans-
ducers were attached to these rods; either a quartz rod was epoXy bonded
to the rod with a special joining technique or a cadmium sulfide film
was vapor deposited on the surface.

The cadmium sulfide vapor deposition method of deKlerkll+ was
adapted for use with these semiconductor rods. This method involved the
use of a quartz crystal microbalance developed to measure the film thick-
ness and growth rate. Thé growth rate Wwas kept belbw 5 X/min as deter-

mined by the microbalance. It was found that control 6f the

cadmium vapor pressure was the determing factor in controlling the growth
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rate since the sulfur tended to diffuse readily but did not deposit on
the warm surfaces without cadmium.

The cleaning procedure was found to be very critical for film
growth. In the chemical cleaning before inserting the substrates into
the vacuum system final wash in specially clean Freon-cleaning agent
was necessary to eliminate unwanted deposits. The ion-bombardment
cleaning had to be done by indirect bombardment to prevent cathodic
sputtering of the substrate surface and the microbalance crystal and
also to avoid contaminant buildup on the surface. The introduction of
a regulated leak of dry air into the system during ion bombardment |
proved essential for production of consistently clean surfaces.

The RIAS electron microscope was used to evaluate the orientation
of the films by reflection electron diffraction. It was found that the
smoothness of the substrate surface was critical for growth of an
oriented CdS film. InSh surfaces polished for flatness and parallelism
and deemed sufficiently smoéth for acoustic reflection were found to
be npt satisfactory for oriented film growth. Further polishing to a
high mirror finish was necessary.

Up to the writing of this report the cadmium sulfide films
4produced on z-~cut quartz rods (Which are non-piezoeléctric along the,
z-axis) were about 10 db less efficient in round trip transducer
efficiency than were x-cut quartz transducer rods. Acoustic echoes were
not observed from InSb rods upon which CdS films were deposited even
after the improved surface polishing. One of these InSb rods did yield
acoustic echoes 17 db above the noise when an x-cut quartz transducer

was bonded to it. The 10 db loss of efficiency for the CdS films as
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compared to x-cut quartz plus a 55% worsening of the cavity Q during
insertion of InSb could account for this lack of echoes.

The principal theories of electron-phonon interaction applicable
- to these experiments were examined and compared. Some small discrepancies
were found between some of the expressions from different theories but
generally they agreed very well with each other. It was shown that the
difference between the theory for degenerate statistics and for non-
degenerate statistics lay in the equivalehce of the mean electron

3

energy terms; % va2 for the degenerate case and 5 KT for the non-
degenerate cases.

The effects of electron heating on the mobility of electrons in
InSb were measured and used to calculate the effect of this heating on
the acoustic grain predicted by these theories.

The same data were used with a relaxation time model for energy
loss from the electrons to the lattice to obtain values of relaxation
time as a function of electrén temperature. These values were seen to
indicate a predominance of energy loss by polar optical scattering at
electron temperatures above ~ lhOK while deformation potential scattering
seemed to dominate at lower temperatures. The striking feature of these
résults was that the wvalues for relaxation time, Te; were independent of
lattice temperature even when the electron temperature exceeded the
lattice temperature considerably (e.g. TL = hOK and Te = l?OK gives the
same result as T, = 12°%¢ and Te = 170K).

Analysis of previous data on temperature variation of acoustic

attenuation in InSb yielded a value of 12 db/cm for the absolute value



- 55 -

of attenuation due to electron-phonon interaction at h.2OK and a value

of K? = 3.3 % lO'h for the acoustoelectric coupling coefficient for

9.3 GHz acoustic waves in the (lll) direction. This lattice measure-
-ment is in good agreement with a magnetoécoustic determination of

K by mi11tl.

Repeated attempts at propogating acoustic waves through Inéb rods
demonstrated the need for the improved transducer bonding method adopted
during the later portions of this work. With this method, usable
acoustic reflections were obtained for the first time in an InSb rod
which was long enough to attach electrical contacts. Electrical pulses
were applied to these contacts during the transit of the acoustic wave
through the InSb crystal. A marked increase in pulse amplituée Wés noted
when such a pulse was applied in some preliminary tests with this
crystal. However, the analysis, interpretation and further investi-

gation of these results are now beyond the scope of this report.
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